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A B S T R A C T
Glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one, shortly GC) is a dense, viscous, water soluble sol-
vent. The high dielectric constant and dipole moment make it a suitable non-aqueous green solvent for several
salts in different applications. GC dissolves significant amounts of inorganic salts such as KF. The saturation
of GC with KF leads to the formation of a viscous liquid at room temperature. In this paper, we report on
conductivity, rheology, differential scanning calorimetry and infrared spectroscopy experiments that indicate
the formation of a glassy liquid where GC molecules and KF ion pairs are intercalated in a firm and ordered
bidimensional structure, stabilized by hydrogen bonding and strong ion-dipole interactions.
© 2017.
1. Introduction
Cyclic carbonates, such as glycerol carbonate (GC), propylene car-
bonate (PC) and ethylene carbonate (EC) are associated liquids with
strong intermolecular interactions, as suggested by their structural fea-
tures (see Scheme 1), the large value of the Trouton constants ∆vapS/R
and the Kirkwood parameter g (see Table 1) [1,2].
These liquids find remarkable applications in several industrial
fields [3,4]. In particular they are excellent solvents for electrolytes,
due to their very high dielectric constant and dipole moment that
determine the dissociation of ions and promote ion-solvent interac-
tions, respectively. Moreover, in the case of GC a terminal primary
–OH residue further increases the structuredness of the solvent and
can assist in the ion solvation through hydrogen bonding (HB). In
glass-forming liquids molecules are disordered though strongly inter-
acting. PC and glycerol are examples of low-molecular-weight or-
ganic glass formers [5].
Molecular liquids like GC, usually show an excellent glass-form-
ing ability, which is related to the strength of the intermolecular inter-
actions (van der Waals forces and hydrogen bonds) [6,7]. These mate-
rials exhibit distinctly non-liquid-like features, a soft glassy rheology,
which make them very attractive for technological applications and in-
triguing systems in terms of physics of condensed matter [8,9]. Indeed,
several technical applications take advantage of GC physico-chem-
ical properties. These include the technology of lithium and
⁎ Corresponding author.
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lithium-ion batteries, cement and concrete industries, sugar cane treat-
ment, cosmetics and detergents [1,10–12].
In spite of the increasing interest in innovative synthetic routes for
the production of GC [13,14], aimed at reducing the costs and enhanc-
ing the yield, only few articles on the GC physico-chemical properties
have appeared in the literature.
While studying the solubility of some electrolytes in different
cyclic carbonates in terms of the Hofmeister series [1], we came across
a peculiar behavior of saturated solutions of KF in GC. In this paper
we report our results from conductivity, viscosity, calorimetric and in-
frared measurements that reflect the formation of a dense and viscous
glassy liquid at room temperature.
2. Experimental
2.1. Materials
Glycerol carbonate and potassium fluoride (99%) were purchased
from Sigma-Aldrich (Milan, Italy). The salt was purified, dried and
stored under vacuum, according to the standard procedures [1a,b].
Glycerol carbonate was used as received and kept under inert atmos-
phere to avoid water contamination.
2.2. Electric conductivity measurements
A Metrohm 712 conductimeter with a 0.83cm−1 cell constant was
used. Salt concentrations ranged between 0 and 1.5M. The cell was
immersed in a thermostatted water bath to control the temperature of
the sample (25.0 ± 0.1°C).
https://doi.org/10.1016/j.molliq.2018.01.152
0167-7322/© 2017.
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Scheme 1. From left to right: minimized chemical structures of EC, PC and GC. Grey, red and white spheres represent carbon, oxygen and hydrogen atoms, respectively.
Table 1
Physico-chemical properties of glycerol, propylene and ethylene carbonate at 25°C.
Property GC PC ECa
Dielectric constant, ε 109.7 64.9 89.8
Dipole moment, μ (D)b 5.05 5.36 4.81
Viscosity, η (cP) 85.4c 2.53 1.90
Density, ρ (g/mL) 1.3969d 1.200 1.321
Trouton constant, ∆vapS/R 34.6 11.6 12.1
Kirkwood parameter, g 8.18 1.23 1.60
a At 40 °C.
b From Ref. [4].
c From Ref. [3].
d This work.
2.3. Rheology measurements
Rheology measurements were acquired with a Paar Physica UDS
200 rheometer working in the controlled shear-stress mode. For all
samples a plate–plate geometry (diameter, 4cm; gap, 300μm) was
used. All measurements were performed at (25.00 ± 0.01) °C. For each
sample the flow curve was acquired in a torque range from 10−3 to
2000mNm. The sample equilibrated for 15min at the set temperature
before running the measurement.
2.4. Differential scanning calorimetry
Differential Scanning Calorimetry (DSC) runs were carried out
on a DSC-Q2000 from TA Instruments (Milan, Italy). The samples
were first equilibrated at −30°C, then cooled from −30°C to −90°C at
2°C/min, and finally heated up to −30°C at 2°C/min. The experiments
were conducted under N2 atmosphere with a flow rate of 50mL/min.
The thermograms were analyzed by the TA Universal Analysis soft-
ware. For all samples the glass transition temperatures (Tg) were ob-
tained from the inflection point in the DSC signal.
2.5. Attenuated total reflection Fourier-transform infrared
spectroscopy
Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) spectra were acquired using a Thermo Nicolet Nexus
870 FT-IR spectrophotometer, equipped with a liquid nitrogen cooled
MCT (mercury-cadmium-telluride) detector, by averaging on 128
scans at a resolution of 2cm−1 and with CO2-atmospheric correction.
The spectra were acquired in the range 4000–900cm−1. For each spec-
trum the background was previously recorded and subtracted to the
sample profile.
3. Results and discussion
3.1. Electric conductivity measurements
The conductivity of KF + GC samples was measured at 25.0 °C as
a function of the salt concentration (c). Fig. 1 shows the specific con-
ductivity κ and the molar conductivity Λ of KF + GC solutions as a
function of c. The data of κ and Λ were fitted according to the Cas-
teel-Amis equation [15], and to the Fuoss-Kraus model, respectively
(see Appendix A) [16].
In the dilute regime κ raises with c due to the increasing num-
ber of charge carriers. At moderate-to-high concentrations (c > 1M), as
Fig. 1. Specific conductivity κ (solid line) and molar conductivity Λ (dashed line) for KF solutions in GC as a function of the molar concentration of the salt (c). The lines serve as a
guide to the eyes.
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the ion-ion interactions strengthen and the viscosity of the medium in-
creases, the curve shows a plateau due to the competition between the
increase in the number of charge carriers and the decrease in ionic mo-
bilities [17]. For c > 1.5M the solution becomes turbid presumably due
to the formation of larger particles and we observed the onset of an in-
tense yellowing, that preludes to the degradation of GC [18].
The Casteel-Amis model fits the experimental data with good
agreement. The trend recorded for κ confirms that at moderate-to-high
concentrations stronger ion-ion interactions come into play and rule
over other forces in setting the ionic conductivity [19].
The plot of Λ vs. c (Fig. 1) provides interesting insights into the
solvent-solute interactions. The curve shows a rapid increase in the
dilute regime, then reaches a maximum at about 0.15M and progres-
sively decreases when c further increases. The presence of a maxi
Fig. 2. Calculated fractions for triple ions (red), ion pairs (blue) and free ions (black) for
KF in GC at 25°C. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
mum is a typical behavior that suggests the formation of ion pairs and
triple ions (K2F
+ and KF2
−) [20]. In most cases the maximum is pre-
ceded by a minimum, corresponding to the onset of triple ions for-
mation [12]. In our system this minimum is not observed, indicating
that the ion association is predominant and the formation of charged
triplets already occurs at very low c values. The Λ data were analyzed
in terms of the Fuoss-Kraus model (see Fig. A1 in Appendix A) from
which the association constants for ion pairs (KI) and for triple ions
(KT) can be estimated (see Appendix A) [16,21].
KI is about 2.8∙10
6, confirming the high tendency for K+ and F− to
form ion pairs, while KT is about 550, that reflects the formation of
triple ions in GC. While the formation of ion pairs is typical for solu-
tions of salts in polar organic solvents, the creation of triple ions at the
extent recorded here was unexpected. From these values the fraction
of triplets, ion pairs and free ions (αT, αP, and αI, respectively) can be
calculated as described in Appendix A [16,21].
The distribution curves for αT, αP, and αI are reported in Fig. 2. KF
ion pairs are always the most abundant species (αP > 0.8), with a very
small fraction of free ions (αI < 0.02). The fraction of triple ions in-
creases from 0.01 to 0.18 as more KF is added.
These findings lead to two important conclusions: (i) The lack of
a minimum in the Λ/c plot is due to the high concentration of the
non-conductive ion pairs even at very low contents of KF, and to the
decrease in their fraction as triple ions are formed. Thus, the major
contribution to the conductivity is provided by the triple ions, and this
results in the maximum in the Λ/c curve. (ii) These data suggest that
GC, despite its remarkably high dielectric constant, does not effec-
tively solvate and separate K+ and F−, that rather remain associated in
ion pairs (or triplets, at higher c). This can be explained in terms of the
strong intermolecular interactions, on the structuredness of the pure
liquid, and on the asymmetry between the interactions of the terminal
–OH moiety with anions and the carbonyl oxygen with cations in GC.
3.2. Rheology measurements
Rheology measurements were performed at 25.0 °C. The flow
curve for pure GC (see Fig. A2 in Appendix B) shows a remarkable
hysteresis in the viscosity data of the pure liquid when an increasing
stress is first applied and then reduced. To the best of our knowledge
this is the first report on the thixotropic nature of GC due to its intrin-
sic structuredness. Fig. 3 reports the flow curves for pure GC and with
increasing concentrations of KF between 10−3 M and 0.68M.
Fig. 3. Flow curves acquired on pure GC (red) and on KF + GC solutions at different salt concentrations: 7⋅10−3 M (yellow), 7⋅10−2 M (light blue), 0.21M (blue), and 0.68 M (pur-
ple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The viscosity of KF + GC solutions increases as a function of the
solute concentration. However, when the KF content is further in-
creased, the viscosity steeply grows and exceeds by >10 times the
value found for the pure solvent. This suggests that KF induces a very
significant change in the solvent ordering, by forcing the formation of
a stronger and more viscous structure in the medium.
The fractions of triple ions, ion pairs and free ions obtained from
the conductivity data were used in a modified Jones-Dole equation
(Eq. (1)), that describes the variation of the solution viscosity η as a
function of the solute concentration c [22], by including two terms that
take into account the effect of free ion-solvent and ion pair-solvent in-
teractions [23,24]:
here η0 is the viscosity of the pure solvent at the same temperature, A
is the Falkenhagen coefficient that takes into account the electrostatic
forces [25], Bi and Bp are the Jones-Dole coefficients that account for
the ion-solvent and the ion pair-solvent interactions, respectively, and
D is an additional term related to higher order solute-solute interac-
tions. This equation is specifically targeted to fit cases where the salt
concentration is relatively high, c ≥ 0.1M, and ion pair association is
non negligible [23], whereas when c < 0.1M the higher order term Dc2
is usually overlooked [26–30].
η was recorded at an applied stress of 10Pa and plotted ver-
sus c (see Fig. A3 in Appendix C). The values of A, Bi, Bp and
D were calculated by fitting the experimental data according to Eq.
(1). We obtained positive values for A and Bp (0.11 dm
3/2 mol−3/2 and
4.22dm3 mol−1, respectively); whereas, both Bi and D are negative
(−0.92dm3 mol−1 and −7.67 dm6 mol−2, respectively). This result and
the rise in the viscosity suggest that ion pairs are the most represented
species in solution. We recall that the Jones-Dole B coefficient is pos-
itive for cosmotropes and negative for chaotropes, e.g., B is 0.127 for
F−, and −0.009dm3 mol−1 for K+ (in water, at 25°C) [31]. Interest-
ingly we note that in the present case Bi, which is due to the free ionic
species (mainly K+, F−, K2F
+ and KF2
−) that singularly destroy the
structure of liquid GC, is large and negative. Instead, BP is positive,
suggesting that the ion pairs enhance the order of the solvent mole-
cules.
3.3. Differential scanning calorimetry
The thermal behavior of pure GC and of its KF saturated solution
was investigated through Differential Scanning Calorimetry (DSC).
The DSC scans are reported in Fig. 4. Glycerol carbonate has a re-
markably large range of stability with a high boiling point and a very
low melting temperature [3]. From the DSC experiments we detected
a glass transition temperature (Tg) at −70.8 °C for the pure GC and
at −61.3°C for the KF saturated solution. A similar behavior was re-
ported for glycerol and PC [32,33]. The heat flow signal suggests the
presence of an enthalpic recovery associated to the glass transition.
The two contributions, namely the ∆Cp at the glass transition temper-
ature (Tg), and the endothermic peak due to the enthalpic recovery
process, cannot be separated by standard DSC. The remarkable incre-
ment in the Tg of the liquid upon the addition of KF confirms a strong
stiffening effect induced by the electrolyte on the solvent molecules
structuredness.
Fig. 4. DSC runs for pure GC (solid line) and for the KF saturated solution (dotted line).
3.4. Attenuated Total reflection-Fourier transform infrared
spectroscopy
The Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) experiments (see Fig. 5) indicate that an incre-
ment in the KF concentration brings about a shift in the O H stretch-
ing band from 3420cm−1 for pure GC, to 3370cm−1 for the 0.68M KF
sample. Most likely this finding reflects the interaction between the
hydroxyl moiety and the fluoride anion, that leads to a weakening in
the O H stretching mode. Further addition of KF results in a more
significant shift of the band to lower wavenumbers.
Importantly, the addition of KF does not modify the FTIR profile
of pure glycerol carbonate (see Fig. A4 in Appendix D). In fact the po-
sition of the absorption bands of GC is not affected by the addition of
the salt [34,35]. In particular, the CH2 and CH vibrations of the cyclic
carbons remain unaffected (2990–2880cm−1). The C O stretching is
slightly shifted to lower wavenumbers (from 1791cm−1 for the pure
liquid to 1766cm−1 for 0.68M solution) probably due to the inter-
action of the carbonyl moiety with the potassium cation. The C C
and C O stretching of the 2-hydroxyethyl chain appear at 1167 and
1047cm−1 and are not modified by the addition of KF.
The O H stretching peak decreases as a function of the KF con-
centration (Fig. 6) due to the stronger solvent-salt interactions while
more salt is added.
A lighter and opposite effect was found in the case of the C O
stretching, whose wavenumber increases at high concentrations of KF,
as indicated by Fig. 7. We argue that when the concentration of potas-
sium fluoride is large the pristine HB between the carbonyl residue
and the primary –OH group is remarkably weakened, as F− substitutes
the carbonyl's O. At the same time the purely electrostatic (ion-dipole)
interaction between K+ and the carbonyl of the GC molecule is weaker
than the C O⋯H O hydrogen bonding, resulting in a shift in the
infrared peak for the C O stretching mode. Thus, the basic nature of
the fluoride ion seems to be the main driving force that modifies the
structuredness of the solvent molecules in ordered domains.
4. Conclusion
In conclusion the experimental results apparently suggest a re-
markable strenghtening in the structuredness of liquid glycerol car-
bonate upon addition of potassium fluoride.
Literature sources on the behavior of fluoride ions in non-aqueous
solvents report that F− is scarcely solvated in aprotic solvents, with a
(1)
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Fig. 5. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra between 3800 and 2400cm−1 for pure GC (dotted line) and GC + KF solutions at different salt
concentration: 7⋅10−3 M (red), 7⋅10−2 M (green), 0.21M (blue), and 0.68M (black). The whole spectra are shown in Fig. A4 in Appendix D. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Shift of the ATR IR O H stretching band wavenumber versus the KF concentration. The dotted black line is a guide for the eye.
Fig. 7. Shift of the ATR IR C O stretching band wavenumber versus the KF concentration. The dotted black line is a guide for the eye.
lower basicity and a higher nucleophilicity. On the other hand, in pro-
tic solvents F− greatly interacts with the solvent molecules through
HB, leading to a higher basicity [45,46].
The cartoon in Fig. 8 schematically depicts a hypothetical struc-
ture of the solution where the solvent molecules (green arrows) are
organized in wormlike structures intercalated by KF ion pairs with
which they interact through ion-dipole interactions (between K+ and
the C O residue) and HB between F− and the –OH moiety of GC.
The dissolved KF salt mainly forms ion pairs that are responsible for
the remarkable increase in the viscosity of the solution. A similar or
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Fig. 8. Schematic cartoon showing the proposed structure that comprises ordered do-
mains of GC molecules with a head-to-tail orientation intercalated by KF ion pairs. In
the opposite direction the GC dipoles are inverted. The large purple and the light blue
globes represent potassium and fluoride ions, respectively. K+, F− and triple ions are
dispersed in the solution.
dering was proposed by Jones for the dissolution of LiF in EC or PC
[2]. Free solvated K+ and F− and triple ions are present and contribute
to the overall conductivity of the sample.
In the side directions, along the main axis the solvent molecules are
oriented in the opposite way, as required by the minimization of the
dipoles energy. Such ordered structure would justify the conductivity
and viscosity features of this glassy liquid system. Further structural
investigations through SAXS and NMR experiments and solubility as-
sessments are currently in progress.
Appendix A. Casteel-Amis Equation and Fuoss-Kraus Formalism
The specific conductivity (κ) was fitted according to the Cas-
teel-Amis model that provides an empirical equation commonly used
to describe the conductivity behavior of electrolytes over wide ranges
of salt concentration [15,36]. In this model the relation between κ and
the concentration m (in molal units) is expressed as:
where κmax is the maximum value of conductivity, μ is the concentra-
tion at which κmax is reached, and a and b are fitting parameters (see
Table A1). κmax and μ are mainly determined by the solvent viscosity
and the ionic radii [37].
More recent approaches describe the conductivity of strong elec-
trolyte solutions at moderate-to-high concentrations in polar
non-aqueous solvents. The “quasi-lattice theory” or the mean spher-
ical approximation (MSA) method are some examples [17 and ref-
erences
therein]. These models do not fit accurately our data, thus we decided
to use a modified semi-empirical version of the Fuoss-Kraus model,
which provides a quantitative estimation of the ionic fractions in solu-
tion from conductivity measurements [16]. This model is widely used
for polyelectrolytes-based systems [38–40]. The method requires the
determination of the limiting conductivities, then the calculation of ion
pair and triplets conditional formation constants and finally the frac-
tions of triplets, ion pairs and “free” ions as a function of the salt con-
centration [41].
Assuming that only KF, K+, F−, K2F
+ and K2F
− are present in the
solution (i.e. no quadrupoles or higher charged clusters), the KF ion
pair can either dissociate in free ions:
or triplets:
From the calculation of the activity coefficients through the ex-
tended Debye-Hückel theory and the Bjerrum formula [1a,b] we found
that γ± ranges between 0.94 and 0.96, thus we used the approximation
of unitary coefficients. Moreover, assuming that the concentrations of
K2F
+ and K2F
− are equal, the corresponding conditional association
constants KI and KT for ion pairs and triplets are related to the ion frac-
tions in the following manner:
where αI and αT are the free ions and triplets fractions respectively.
From which we obtain:
αPis the fraction of ion pairs. If we do not consider the effect of the
electrostatic field generated by the ions, the total molar conductivity is
expressed as:
(A1)
Table A1 The parameters a, b, μ and κmax obtained by fitting the specific conductivity
data with the Casteel-Amis equation.
μ κmax a b χ
2
0.89 ± 0.06 577± 4 1.08± 0.05 0.316± 0.141 375
(A2)
(A3)
(A4)
(A5)
(A6)
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where Λ0I and Λ0T are the limiting molar conductivities in GC for the
free ions and the triple ions respectively. Thus, replacing the expres-
sions for αI and αT and rearranging the equation, we obtain:
In the dilute regime, the plot of vs. c produces a linear re-
lation with a slope of Λ0TKTKI − 1/2 and an intercept of Λ0IKI − 1/2. In
order to calculate the values of KI and KT, Λ0I and Λ0Tmust be deter-
mined. We assume that Λ0I = Λ0, since at infinite dilution ion-ion inter-
actions vanish and triple ions formation can be neglected. The value
of Λ0 from the limiting molar conductivities (λi) can be estimated as:
where νi is the number of i ions in the formula unit of the electrolyte.
The limiting molar conductivity λi is related to the ionic mobility ui
according to [42]:
where F is the Faraday constant and zi is the charge of the i ion. The
ionic mobility is defined as [43]:
where e is the elementary charge, zi is the charge of the i ion, η0 is the
solvent viscosity and rsol is the solvated radius of the i ion. Assuming
a spherical geometry for the solvated ion, its solvated radius can be
calculated as:
where ns is the number of solvent molecules in the solvation layer
around the ion, Vs is the molar volume of a solvent molecule and
rcryst, i is the crystalline radius of the ion. We calculated the ionic mo-
bilities and the conditional association constants KI and KT for ns val-
ues ranging between 1 and 5. The value of ns has a negligible influence
on the ionic mobilities and on the conditional association constants.
Moreover, considering also the effects due to the steric hindrance, we
assumed an average solvation number of 3. Once Λ0 is obtained, Λ0T
is taken as 2Λ0/3 (Λ0Tcannot be determined experimentally) [44].
The values of the ionic mobilities (u, in A∙s2/kg) and the limiting
molar conductivities (λ and Λ, in S∙m2/mol) in GC are shown in Table
A2:
For the triple ions, = 6.17∙10−5 S m2/mol.
The plot of as a function of c (see Fig. A1) shows a lin-
ear trend in the dilute regime, up to approximately 22mM. The slope
and intercept are 2.03∙10−5 ± 9∙10−7 S dm7/2 mol−3/2 and
5.54∙10−8 ± 1∙10−8 S m1/2 mol1/2 respectively.
Eqs. (A2) and (A3) provide the values of KI and KT:
KI = (2.8 ± 0.4) ∙ 10
6 and KT = 550± 235, from which the values of αI, αT
and αP can be calculated.
(A7)
(A8)
(A9)
(A10)
(A11)
(A12)
Table A2 Calculated ionic mobilities (u, in A∙s2/kg) and limiting molar conductivities
(λ and Λ, in S∙m2/mol) for K+ and F− in GC at 25°C.
uK+ uF− λK+ λF− Λ0 =λK+ +λF−
4.73∙10−10 4.87∙10−10 4.56∙10−5 4.70∙10−5 9.26∙10−5
Fig. A1. Plot of as a function of c.
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Appendix B. Thixotropy in glycerol carbonate
Fig. A2 shows the flow curve of pure glycerol carbonate acquired
in two steps: the applied stress was first increased and then restored
to the initial value. The hysteresis of the curve reflects the thixotropic
nature of the solvent and gives a further evidence of its structuredness.
Appendix C. Extended Form of the Jones-Dole Equation
The viscosity values at 10Pa were plotted vs. the KF concentra-
tion and fitted with a modified Jones-Dole equation (Fig. A3). Indeed,
when ionic association occurs the Jones-Dole B coefficient is split in
two different contributions: the first (Bi) is related to the interactions
between the solvent and the charged species, whereas the second term
(Bp) takes into account the solvent-ion pairs interactions. When the
salt concentration exceeds the value of 0.1M an additional term (D) is
added to take into account the solute-solute interactions of higher or-
der [26–29]. The equation then becomes:
Moreover, the theoretical Falkenhagen coefficient for GC was cal-
culated as reported by Jenkins and Marcus [24], and compared to the
fitting value:
where A∗ is 1.113∙10
−5 C (m∙K∙mol−3)1/2, εr is the dielectric constant of
the solvent, T is the absolute temperature, and f(λ +
0, λ −
0) is the ions
infinite dilution equivalent conductivities function that, in the case of
symmetrical electrolytes (z+ = |z−| = z), is defined as:
From Eq. (A14) the calculated value for A comes out to be
0.11dm3/2/mol3/2, in very good agreement with the value obtained
from the fitting procedure.
Appendix D. ATR-FTIR Results
The ATR-FTIR spectra acquired in the range 4000–900cm−1 for
pure GC and GC + KF solutions at different salt concentration
(7⋅10−3 M, 7⋅10−2 M, 0.21M, and 0.68M) are reported in Fig. A4.
Fig. A2. Thixotropic behavior of pure GC.
(A13)
Fig. A3. Viscosity values plotted vs. the salt concentration for KF + GC solutions at
25°C. The curve is obtained by fitting the experimental data with Eq. (A13) and the fit-
ting parameters are listed in Table S3.
Table S3 Fitting parameters obtained from Eq. (13).
A Bi Bp D χ
2
0.11± 0.02 −0.92± 0.17 4.22± 0.72 −7.68± 0.97 3.6∙10−3
(A14)
(A15)
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